Previous analyses have identified related cytoplasmic Lsm1-7p and nuclear Lsm2-8p complexes. Here we report that mature heat shock and MET mRNAs that are trapped in the nucleus due to a block in mRNA export were strongly stabilized in strains lacking Lsm6p or the nucleus-specific Lsm8p protein but not by the absence of the cytoplasmic Lsm1p. These nucleus-restricted mRNAs remain polyadenylated until their degradation, indicating that nuclear mRNA degradation does not involve the incremental deadenylation that is a key feature of cytoplasmic turnover. Lsm8p can be UV cross-linked to nuclear poly(A) ؉ RNA, indicating that an Lsm2-8p complex interacts directly with nucleus-restricted mRNA. Analysis of pre-mRNAs that contain intronic snoRNAs indicates that their 5 degradation is specifically inhibited in strains lacking any of the Lsm2-8p proteins but Lsm1p. Nucleus-restricted mRNAs and pre-mRNA degradation intermediates that accumulate in lsm mutants remain 5 capped. We conclude that the Lsm2-8p complex normally targets nuclear RNA substrates for decapping.
Sm-like (Lsm) proteins have been identified in all kingdoms of life and participate in numerous RNA processing and degradation pathways. The Sm and Lsm complexes are all likely to form similar structures with seven member rings (or six in the case of Escherichia coli Hfq) with a central hole, through which the RNA may pass (1, 2, 14, 50, 75, 82) . In the nucleus, an Lsm2-8p complex associates with the U6 snRNA and is important for U6 accumulation, snRNP biogenesis, and pre-mRNA splicing (1, 27, 49, 57, 64, 67) . This complex is also implicated in the processing of pre-tRNAs, pre-small nucleolar RNAs (snoRNAs), and pre-rRNAs (40, 41, 42) . In contrast to the Lsm2-8p proteins, which have nuclear roles, a homologous Lsm1-7p complex functions in cytoplasmic mRNA degradation. The Lsm1-7p complex functions in both the 5Ј and 3Ј degradation of mRNAs, promoting mRNA decapping and 5Ј degradation, probably via interactions with the decapping enzymes and Xrn1p (10, 12, 70, 71) , and also protects the 3Ј ends from premature degradation (29) .
Control of mRNA stability is a key step in the regulation of gene expression, regulating both the amount of mRNA that accumulates following transcription and the time for which the mRNA remains functional. In yeast, a major pathway of cytoplasmic mRNA degradation involves deadenylation-dependent removal of the 5Ј cap by the decapping complex Dcp1p/ Dcp2p followed by 5Ј33Ј degradation by the exonuclease Xrn1p (8, 17, 32, 44, 52, 53) . In an alternative pathway, deadenylated mRNAs are degraded 3Ј35Ј by the cytoplasmic exosome (5) .
Pathways that degrade mRNA precursors in the nucleus have also been identified (11, 16, 30, 74; reviewed in references 35, 37, and 51), with different pathways apparently utilizing the same RNA degradation machinery. Unspliced nuclear pre-mRNAs are very rapidly degraded, predominantly 3Ј35Ј, by the nuclear exosome. In contrast, 5Ј33Ј degradation by the exonuclease Rat1p plays a minor role in this pathway (11) . The nuclear exosome also functions in the rapid degradation of pre-mRNAs that have failed to undergo correct 3Ј cleavage (74) , but in this pathway there is no evidence for significant 5Ј33Ј degradation. Pre-mRNAs that lack poly(A) tails or carry aberrant tails are restricted to the nucleus (20, 30, 36) and are probably also degraded by the nuclear exosome. Finally, mRNAs that are restricted to the nucleus due to a defect in nuclear-cytoplasmic transport are stabilized by deletion of the nuclear exosome component Rrp6p and by deletion of Rai1p, which functions together with Rat1p in rRNA processing (16) . These results indicate that nucleus-restricted mRNAs can be degraded both 3Ј35Ј and 5Ј33Ј. The 5Ј33Ј degradation of nuclear pre-mRNAs presumably requires their decapping prior to exonuclease digestion. In the cytoplasm, decapping is not a default activity but is highly regulated and integrated with mRNA deadenylation and translational status. Efficient decapping requires the translation factor Pat1p/Mrt1p and the cytoplasmic Lsm1-7p complex, several members of which can interact with Dcp1p, Dcp2p, and Xrn1p (12, 24, 25, 28, 70, 71, 76) .
Here we report that the decapping and 5Ј degradation of both unspliced pre-mRNAs and otherwise mature mRNAs that are restricted to the nucleus due to a defect in mRNA export require the nuclear Lsm2-8p complex.
MATERIALS AND METHODS
Strains. The transformation procedure was performed as described previously (26) . Saccharomyces cerevisiae strains used in this work are listed in Table 1 . Strains YJK23, YJK24, YJK26, and YJK27 were constructed by PCR-based gene disruption of LSM6 (YJK23, YJK26, and YJK27) or LSM1 (YJK24) in strains FYEF95, YCB81, and YCB63, respectively, by using plasmid pTL54 as a PCR template (43) . Disruption was confirmed by PCR analysis. Strain YJK46 was generated by one-step PCR using pFA6a-kanMX6-pGAL1-3HA as a template (47) . The phenotypes of respective constructs were confirmed by Northern hybridization. Strains YJK49 and YJK51 were constructed by a one-step PCR procedure as described previously (59) . Correct integration was confirmed by PCR analysis, and the expression of Lsm8p-TAP was tested by Western blotting. Strain BSY557 was cotransformed with plasmids pBS1181 and pBS1184; this was followed by the loss of plasmid pBS1191 by growth on medium containing 5-fluoroorotic acid as described previously (48) . Strains BMA64, AEMY19 (lsm6⌬), and AEMY46 (GAL-lsm8) were transformed with a multicopy plasmid (pYX172) carrying the SNR6 gene, which encodes the U6 snRNA (49) .
RNA extraction and Northern hybridization. For depletion of the essential Lsm proteins, cells were harvested at intervals following the shift from RSG medium (2% galactose, 2% sucrose, 2% raffinose) or yeast-peptone-Gal medium containing 2% galactose to yeast-peptone-dextrose (YPD) medium containing 2% glucose. Otherwise, strains were grown in YPD medium. The lsm1⌬, lsm6⌬, lsm7⌬, lsm2(Ts), and lsm5(Ts) strains were pregrown at 23°C and transferred to 37°C. For the analysis of heat shock (HS) mRNAs, cells were grown at 23°C, transferred to 42°C for 15 min, and further grown at 37°C. Strains AEMY46 and YJK46 were pregrown in RSG medium and transferred to YPD medium for 18 h prior to the heat shock. The transcriptional shutdown of GAL or MET mRNAs was performed by addition of glucose, to achieve a 4% final concentration, to cell cultures pregrown to mid-log phase (optical density at 600 nm [OD 600 ], ϳ0.4) on galactose or by addition of methionine, to achieve a 2 mM final concentration, to cell cultures pregrown in minimal medium lacking methionine, respectively. The cultures were shifted to 37°C for 30 min to achieve a loss-of-function phenotype prior to transcriptional shutdown. Strains AEMY46 and YJK46 were pregrown in RSG medium and transferred to minimal galactose medium lacking methionine for 18 h prior to the transcriptional shutdown. For depletion of U6 snRNA, cells were pregrown in selective minimal medium with 2% lactate, 2% glycerol, and 0.05% glucose to mid-log phase and then supplemented with 2% galactose as described previously (48) .
RNA extraction and Northern hybridization were carried out as described previously (9, 73) . Small RNAs were separated on a 6% acrylamide gel containing 8.3 M urea and transferred to a Hybond N ϩ membrane by electrotransfer. High-molecular-weight RNAs were analyzed on 2% agarose gels and transferred by capillary elution.
Quantification of Northern blots was performed using a Storm 860 Phospho-rImager and ImageQuant software (Molecular Dynamics). Half-lives of MET mRNAs were determined by plotting the mRNA levels versus the time on a semilog plot.
For RNA hybridization the following oligonucleotides were used: 008 (18S), 5Ј-CATGGCTTAATCTTTGAGAC; 205 (U18), 5Ј-GTCAGATACTGTGATA GTC; 206 (U18-3Ј), 5Ј-GCTCTGTGCTATCGTC; 250 (scR1), 5Ј-ATCCCGGC CGCCTCCATCAC; 255 (snR38), 5Ј-GAGAGGTTACCTATTATTACCCATT CAGACAGGGATAACTG; 261 (U6), 5Ј-AAAACGAAATAAATTCTTTGTA AAAC; 270 (U2), 5Ј-TGAAGAAACCATGAGCGAAGAAA; 400 (ACT1), 5Ј-TCTTGGTCTACCGACGATAGATGGGAAGACAGCA; 418 (PGK1), 5Ј-AT TCCAAAGAAGCACCACCACC; 470 (RPS3), 5Ј-GACACCGTCAGCGAC TAG; 472 (MET3), 5Ј-GCTCTCACAGTCAACTCCCTGTGGGCTCTATGC ATT; 473 (MET6), 5Ј-GCGTTGGCAGGCAAGTCCAAAACTAAGACAGG TTC; 474 (SSA3), 5Ј-CCAAGCCATAAGCAATTGCTGCTGCAGTGGGTTC ATTG; 475 (SSA1-RH), 5Ј-GCTGGCAGTGGTGTTGCTGTC; 476 (SSA1-3Ј), 5Ј-CACCTGGAGCACCACCAGCTTGGTACAACTTAGACAT; 477 (SSA4-RH), 5Ј-CGGTGGAGGCCGCTTGCGAAGC; 478 (SSA4-3Ј), 5Ј-CTCCAGC ACCCGGAACTGGGCCTGCTCCTGGGGCAC; 483 (TEF4), 5Ј-CCACCGA CCAAGTTGTTGGACATGAAAGTCAAGGTAAG; 484 (EFB1), 5Ј-GCAAC CATTTCTTCCAAATTGGTTTCATCATCCCATGG; 485 (MET3-3Ј), 5Ј-TG CTTGCCAACAACAGAGTCCTTGTCATCTTCCC; 486 (MET3-RH), 5Ј-GT CCACTACCAGAACCAATG; 763 (SSA4), 5Ј-GTGGTACGCCTCTTGGAGC GGGTGGAAACCGCTC; and 765 (SSA1), 5Ј-AATTTGTCACCAGCTTCAG AAATGGTGTTCTTCAAAGAG.
Immunoprecipitation. Immunoprecipitation of 7-methyl guanosine (m 7 G)capped or trimethyl guanosine (TMG)-capped RNAs was performed as described previously (39) . Twenty micrograms of RNA was incubated on a rotating wheel in buffer A (150 mM potassium acetate [pH 7.5], 20 mM Tris acetate; 5 mM magnesium acetate) for 2 h at 4°C with cap-specific serum (R1131) or monoclonal antibody (Ab) against both m 7 G and trimethyl guanosine (TMG) cap structures (H20) (both kindly provided by R. Lührmann, MPI, Göttingen, Germany) bound to protein A-Sepharose. After washing the pellet in buffer A, bound RNAs were eluted with 10 mM m 7 G(5Ј)ppp(5Ј)G (Pharmacia) in buffer A. The RNAs were extracted with guanidium thiocyanate and phenol-chloroform and ethanol precipitated.
RNase H treatment. RNase H cleavage and deadenylation were performed essentially as described previously (54) . For deadenylation, samples of 20 g of total RNA were annealed with 400 ng of oligo(dT) at 68°C for 10 min and digested with 1.5 U of RNase H at 30°C for 1 h. RNase H cleavage of SSA4 and SSA1 heat shock mRNAs or MET3 mRNA was carried out in similar conditions except that 40 ng of oligonucleotide complementary to the specific mRNA sequence was annealed with the RNA sample.
UV cross-linking of poly(A) ؉ RNPs. Cross-linking and purification of poly(A) ϩ RNPs were performed exactly as described (6, 61) from 1.2 liters of cells (strains YJK49 and YJK51). Strain YJK51 was grown at 30°C to an OD 600 of 0.75. Strain YJK49 was pregrown at 23°C to an OD 600 of 0.6 and transferred to 37°C for 30 min to achieve a loss-of-function phenotype. Recovered RNPs were treated with micrococcal nuclease (Roche) and RNase A (Sigma) as described previously and resolved by sodium dodecyl sulfate-polyacrylamide gel MAT␣ ade2 his3 leu2 trp2 ura3 78 YCBA63
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RESULTS
A difficulty in analyzing the nuclear degradation of mRNAs is distinguishing it from normal cytoplasmic mRNA turnover. Here we have analyzed two distinctly different classes of RNA that are degraded within the nucleus: nucleus-restricted mRNAs that fail to be exported due to truncation of the nuclear pore complex component Nup145p and unspliced pre-mRNAs, which are normally very rapidly degraded within the nucleus.
Depletion of Lsm proteins stabilizes mRNAs trapped in the nucleus. Strains carrying the nup145N allele, which lacks the C-terminal domain of the nucleoporin Nup145p, are temperature sensitive lethal and show rapid accumulation of nuclear poly(A) ϩ RNA after transfer to the nonpermissive temperature of 37°C (18, 69) .
To analyze the decay of the repressible MET3 and MET6 mRNAs, transcription was inhibited by addition of methionine 15 min after transfer to 37°C ( Fig. 1A and C). Both mRNAs had approximately twofold-longer half-lives in the nup145N strain ( Fig. 1A , lanes 7 to 12) than in the wild type ( Fig. 1A , lanes 1 to 6), indicating that their nuclear decay was slower than the normal cytoplasmic turnover. This is in marked contrast to the very rapid decay previously observed for unspliced or 3Ј-unprocessed nuclear RNAs (11, 16, 30, 74) . Decay of MET3 and MET6 was substantially slower in the nup145N strain that also lacked Lsm6p (Fig. 1A , lanes 31 to 36) or was depleted for the nucleus-specific component Lsm8p (Fig. 1A , lanes 43 to 48). In contrast, the absence of the cytoplasmic Lsm1p from the nup145N strain conferred no clear stabilization of the MET mRNAs ( Fig. 1A) , confirming their nuclear degradation. As expected, the absence of only Lsm1p (Fig. 1A , lanes 13 to 18) or Lsm6p (Fig. 1A , lanes 25 to 30) from the otherwise wild-type strain stabilized the MET mRNAs, due to their roles in cytoplasmic mRNA turnover (10, 12, 70) , whereas depletion of Lsm8p alone conferred little stabilization ( Fig. 1A , lanes 37 to 42). These data were quantified by Phos-phorImager analysis, and those for MET3 are presented in Fig.  1C . Similar results were observed during transcription shutdown of repressible GAL1, GAL7, and GAL10 mRNAs in nup145N/lsm6⌬, nup145N/GAL::lsm8, and nup145N/lsm1⌬ mutants following transfer to glucose medium at 37°C (data not shown).
In wild-type strains, brief (15-min) transfer to 42°C induces a pulse of HS transcripts, which decay during subsequent incubation at 37°C, permitting a pseudo pulse-chase analysis (shown for three HS mRNAs, SSA1, SSA3, and SSA4, in (63, 68) . HS mRNAs are efficiently retained in the nuclei of nup145N strains and other mRNA export mutants, as shown by in situ hybridization and a corresponding failure to synthesize HS proteins at the nonpermissive temperature (33, 72; L. Milligan and D. Tollervey, data in preparation). Decay of the HS mRNAs in the nup145N strain was similar to or slower than the cytoplasmic turnover in the wild type (Fig. 1B , compare lanes 1 to 6 and lanes 7 to 12). For the nup145N and lsm⌬ strains the level of HS mRNAs shows a transient increase after the shift to 37°C before decaying, in contrast to the WT. These distinct kinetics prevent a direct comparison of HS mRNA decay rates in different strains. However, it is clear that in the nup145N/ lsm6⌬ and nup145N/GAL::lsm8 strains the HS mRNAs were more significantly stabilized than the nup145N single mutant strain (Fig. 1B , compare lanes 19 to 24 and 43 to 48 to lanes 7 to 12). In contrast, the nup145N/lsm1⌬ (Fig. 1B , lanes 31 to 36) did not show significantly increased stabilization. These data are presented for SSA4 in Fig. 1D .
From these analyses we conclude that Lsm6p and Lsm8p are required for efficient degradation of nucleus-restricted mRNAs, whereas Lsm1p is not needed for this activity. This conclusion strongly suggests the involvement of the Lsm2-8p complex in nuclear mRNA degradation.
Nucleus-restricted heat shock mRNAs stabilized in lsm mutants are polyadenylated. In the cytoplasm, mRNAs undergo distributive, incremental deadenylation prior to complete degradation (52, 53) . To determine whether this is also the case for nucleus-restricted mRNAs, the poly(A) tails were analyzed for the SSA1, SSA4 and MET3 mRNA. To allow resolution of the poly(A) tail, the mRNAs were specifically cleaved by using a complementary oligonucleotide and RNase H, prior to Northern analysis (see Materials and Methods).
In the wild-type strain, after HS induction for 15 min at 42°C, strong signals were seen for each HS mRNA with heterogeneity that corresponds to the poly(A) tail length distribution resulting from cytoplasmic deadenylation ( Fig. 2A and B, lanes 1). Following deadenylation by addition of oligo(dT) to the RNase H reaction ( Fig. 2A and B , lanes 3) the size of the mRNA is reduced, although some heterogeneity is still observed for both SSA1 and SSA4. This may represent intrinsic 3Ј-end heterogeneity, rather than incomplete deadenylation, since it was not seen for MET3 under equivalent conditions (Fig. 2C, lane 1) . In the wild-type strain following transfer to 37°C for 90 min ( Fig. 2A and B , lanes 2) most of the HS mRNA is degraded, and the residual mRNAs are largely oligoadenylated. In the lsm6-⌬ strain more deadenylated HS mRNA remains after 90 min at 37°C ( Fig. 2A and B , lanes 5), presumably due to the inhibition of cytoplasmic 5Ј degradation as previously shown for other mRNAs (10, 12, 29) . In contrast, HS mRNAs in the Lsm8p-depleted single mutant strains undergo normal deadenylation at 42°C ( Fig. 2A and B , lanes 8) and are lost after 90 min at 37°C ( Fig. 2A and B, lanes 9 ).
In the nup145N strain after 15 min at 42°C ( Fig. 2A and B , lanes 12), the mRNAs are fully adenylated, consistent with their nuclear localization. In fact, each of the mRNAs tested was mildly hyperadenylated, as previously reported for other mutations that inhibit nuclear export of mRNAs (31, 36) . After a further 15 min at 37°C ( Fig. 2A and B , lanes 13), most mRNA remains hyperadenylated, although a deadenylated pool is visible. After 90 min at 37°C the mRNA is largely degraded, but a hyperadenylated population remains detectable ( Fig. 2A and B, lanes 14 ). In the nup145N strain lacking Lsm6p ( Fig. 2A and B, lanes 7) or depleted of Lsm8p ( Fig. 2A and B, lanes 11), substantial HS mRNA remains after 90 min at 37°C. The majority of this RNA remains hyperadenylated, although a fully deadenylated population is also clearly stabilized in the nup145N/GAL::lsm8 and nup145N/lsm6⌬ strains, , and supplemented with methionine to a 2 mM final concentration. The GAL::lsm8 and nup145N/GAL::lsm8 strains (lanes 37 to 48) were pregrown on galactose and transferred to minimal glucose medium lacking methionine for 18 h before the shift to 37°C. mRNA half-lives (t 1/2 , indicated in minutes) are shown below each panel. (B) Strains were pregrown at 23°C (23°C lanes), shifted to 42°C for 15 min (42°C lanes), and then transferred to 37°C (37°C lanes) for the times indicated. The GAL::lsm8 and nup145N/GAL::lsm8 strains (lanes 37 to 48) were pregrown on galactose and transferred to glucose for 18 h before the heat shock. RNA was separated on 2% agarose gels and hybridized with oligonucleotide probes complementary for the mRNAs indicated on the right. The level of 18S rRNA (probe 008) was used as a loading control. (C and D) Graphic representation of mRNA levels during transcriptional shutdown for MET3 (C) and SSA4 (D) and mRNAs. Values for each RNA were standardized relative to those for the loading control (18S rRNA). RNA levels were calculated based on PhosphorImager quantification of Northern hybridization data from panels A and B. WT, wild type. in contrast to the GAL::lsm8 and lsm6⌬ single mutants. Unexpectedly, hyperadenylated SSA1 and SSA4 were also detected in the GAL::lsm8 single mutant strain ( Fig. 2A and B , lanes 8). We speculate that this finding represents a fraction of the HS mRNA population that would normally have been rapidly degraded within the nucleus.
The poly(A) tail status of the MET3 mRNA was tested before (0-min lanes) or after (5-and 10-min lanes) transcriptional shutdown by addition of methionine in cells inhibited for mRNA export. In all nup145N strains, hyperadenylation of mRNA in the nucleus was observed (Fig. 2C , compare lanes 3, 7, and 10 to lane 2). In the lsm6⌬ single mutant, the cytoplasmic mRNA is deadenylated [compare lane 6 to lane 1 where RNA was deadenylated in the presence of oligo(dT)]. After transcription inhibition, MET3 mRNA in the nup145N strain shows hyperadenylated and deadenylated populations (Fig.  2C, lane 4) , both of which are apparently stabilized by the absence of Lsm6p (Fig. 2C, lane 8) or depletion of Lsm8p (Fig.  2C, lane 11) . The basis of the difference in migration of the smallest forms in the Lsm6p-and Lsm8p-depleted strains is unclear.
We conclude that a fraction of the nucleus-restricted mR-NAs present in the nup145N strain become fully deadenylated, but they do not appear to undergo the slow, incremental deadenylation of the entire mRNA population that is a major characteristic of cytoplasmic mRNA degradation. Moreover, depletion of Lsm6p or Lsm8p did not preferentially stabilize deadenylated forms of the mRNAs, in contrast to the effects of mutation of Lsm1p to 7p on cytoplasmic mRNAs. We cannot, however, exclude the possibility that some of the deadenylated species are mRNAs that have escaped to the cytoplasm. 5 fragments of unspliced pre-mRNAs are stabilized in lsm mutants. Many snoRNAs are encoded within pre-mRNA introns ( Fig. 3A) and are released by exonuclease digestion of the excised intron following splicing or during degradation of the unspliced pre-mRNA (4, 55, 58, 77, 79) . The presence of the intronic snoRNA inhibits the activity of degradative exonucleases on the unspliced pre-mRNA, allowing the contribution of 5Ј and 3Ј degradation pathways to be distinguished (11) . To demonstrate whether Lsm proteins are involved in the 5Ј or 3Ј degradation pathway, the accumulation of specific degradation intermediates for pre-mRNAs containing intron-encoded snoRNAs was assessed in strains lacking each of the Lsm proteins. GAL-regulated alleles of LSM2 to LSM5 and LSM8 (42, 49) were analyzed by transferring the strains from permissive RSG medium (0-h samples) to repressive glucose medium. Strains lacking Lsm1p, Lsm6p, or Lsm7p are temperature sensitive for growth (70) , as are nuclear localization signal-containing fusions between Lsm2p and Lsm5p and the DNAbinding domain of Gal4p [referred to here as lsm2(ts) and lsm5(ts)], constructed for use in two-hybrid analyses (24) . These strains were grown in glucose medium at 23°C (0-h samples) and transferred to the nonpermissive temperature of 37°C. Figure 3 shows the analysis of snoRNA-containing transcripts, TEF4 (the host gene for snR38) (Fig. 3B) , and EFB1 (the host gene for U18) (Fig. 3C) ; BEL1 (the host gene for U24 snoRNA) was also analyzed and gave similar results (data not shown). The spliced but non-snoRNA-containing ACT1 (Fig. 3D ) and nonspliced PGK1 mRNAs (Fig. 3E) were used as controls. Mutation of the splicing factor Prp2p led to loss of the mature mRNAs (M) accompanied by mild accumulation of the primary transcript (P), the 3Ј-processed pre-mRNA fragment (termed A) and the 5Ј-processed pre-mRNA fragment (termed B) (Fig. 3A) . In the prp2-1 strain more of the A form FIG. 2. Heat shock mRNAs stabilized in lsm mutants are polyadenylated. Strains were grown, and total RNA was prepared as described for Fig. 3. (A and B) Strains were pregrown at 23°C, shifted to 42°C for 15 min (42°C lanes), and then transferred to 37°C for 15 or 90 min (37°C lanes). (C) Strains pregrown in minimal medium lacking methionine at 23°C were shifted to 37°C for 30 min (0-min lane), supplemented with methionine to a 2 mM final concentration, and further incubated for 5 or 10 min (5-and 10-min lanes). GAL::lsm8 strains were pregrown on galactose and transferred to glucose medium for 18 h before a temperature shift. RNA samples were annealed with oligonucleotide complementary to either SSA4 (A, oligonucleotide 477), SSA1 (B, oligonucleotide 475), heat shock mRNAs, or MET3 (C, oligonucleotide 486) and treated with RNase H. RNA from the wild type (WT) was also treated with oligo(dT) (lane marked ϩdT) to visualize deadenylated species. Samples were separated on a 6% acrylamide gel and hybridized with anti-SSA4-3Ј probe (A, oligonucleotide 478), anti-SSA1-3Ј probe (B, oligonucleotide 476), or anti-MET3-3Ј probe (C, oligonucleotide 485). The positions of migration of scR1 (676 nucleotides) and U2 snRNA (1,175 nucleotides) determined by hybridization of the same filters are indicated on the left as size markers.
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on February 15, 2020 by guest http://mcb.asm.org/ is visible than the B form because 3Ј degradation by the exosome is more active than 5Ј degradation (11) . The absence of Lsm6p or Lsm7p resulted in dramatic accumulation of the A forms (i.e., the 5Ј-unprocessed species) of all tested snoRNA-containing pre-mRNAs ( Fig. 3B and C, lanes 8 to 13; see Table 2 for PhosphorImager quantification). This was seen even in cells grown at the permissive temperature of 23°C ( Fig. 3B and C, lanes 8 and 11) , when pre-mRNA splicing is not clearly defective (Fig. 3D, ACT1 mRNA) . Previous analyses indicated that a fraction of the unspliced pre-mRNA population is degraded in wild-type cells (11) , and this degradation is presumably the origin of the A fragments that are stabilized in the lsm6⌬ and lsm7⌬ strains at a permissive temperature. In strains genetically depleted of Lsm2-5p or the nucleus-specific Lsm8p, strong accumulation of the A forms of TEF4/snR38 and EFB1/U18 was seen 10 h after transfer to glucose medium ( Fig. 3B and C, lanes 14 to 28). At this time point splicing is reduced but not blocked, as shown by the continued synthesis of mature ACT1 mRNA (Fig. 3D) . In contrast, strains lacking the cytoplasmic Lsm1p showed no clear accumulation of any pre-mRNA tested (Fig. 3BI and II and CI, lanes 5 to 7). The levels of mature snoRNAs, the RNA component of the signal recognition particle (scR1) and the intronless PGK1 mRNA were little affected in lsm mutants (Fig. 3BIV , CIII, and D to F).
The kinetics of pre-mRNA accumulation were further examined in the GAL::lsm8 strain at earlier time points after transfer to glucose medium (Fig. 4, lanes 1 to 8) . Accumulation of the A form of TEF4/snR38 was seen 3 h after transfer to glucose medium, well before any detectable growth defect (49) and prior to visible depletion of the TEF4 mRNA. GAL-reg- FIG. 3 . 5Ј-unprocessed fragments of pre-mRNAs containing intronic snoRNAs accumulate in lsm mutants. (A) Schematic representation of degradation intermediates for a pre-mRNA containing an intronic snoRNA. The locations of numbered oligonucleotide probes are shown below. P, full-length precursor; A, product of 3Ј35Ј degradation that extends from the 5Ј end of the transcript to the end of the snoRNA; B, product of 5Ј33Ј degradation that extends from the 5Ј end of the snoRNA to the 3Ј end of the transcript (see Fig. 3 in reference 11). (B to F) Analysis of pre-mRNA degradation in GAL::lsm and lsm-⌬ strains. Strains carrying GAL-regulated constructs (GAL::lsm) (lanes 14 to 28) were grown in permissive RSG medium (0 h) and transferred to repressive, glucose medium at 30°C for the times indicated. Strains in which Lsm1p, Lsm6p, or Lsm7p was deleted (lanes 5 to 13), the temperature-sensitive prp2-1 strain (lanes 3 to 4) and the wild-type (WT) strain (lanes 1 to 2) were pregrown at 23°C (0 h) and transferred to 37°C for the times indicated. RNA was separated on 2% agarose gels or on 6% polyacrylamide gel (BIV and CIII) and hybridized with the oligonucleotide probes shown in parentheses. The names of RNA species are on the left or between two columns (BIV and CIII); the positions of pre-mRNAs (P), degradation intermediates (A, AЈ, and B), and mature mRNAs (M) are indicated, and schematic representations are shown on the right. The level of scR1 RNA is shown as a control for loading. FIG. 4 . Analysis of pre-mRNA degradation in GAL::lsm8, GAL::prp45, lsm2(Ts), and lsm5(Ts) strains. Strains were grown, and RNA was prepared as described for Fig. 3 . RNA was separated on 2% agarose gels or on 6% polyacrylamide gel (AIV) and hybridized with the oligonucleotide probes shown in parentheses. The names of RNA species are on the left or between two columns (AIII, AIV); the positions of pre-mRNAs (P), degradation intermediates (A and B), and mature mRNAs (M) are indicated, and schematic representations are shown on the right. (Fig. 4, lanes 9 to 13) (3) and Syf3p (data not shown) (60) were also analyzed. Consistent with a splicing defect, depletion of Prp45p strongly reduced the levels of mature TEF4 and ACT1 mRNAs ( Fig. 4AIII and B) . However, despite the stronger splicing defect, accumulation of the 5Ј-unprocessed intermediate (A form) was substantially lower than that which occurred on depletion of Lsm8p (Fig. 4AII ).
In the lsm2(ts) and lsm5(ts) strains, strong, nonconditional accumulation of the A form of TEF4/snR38 was seen with little inhibition of pre-mRNA splicing (Fig. 4, lanes 16 to 21) . In addition, some accumulation of the primary transcript was seen at 23°C (Fig. 4A, lanes 16 and 19) , which was lost following transfer to 37°C. Analysis of pre-tRNA processing also showed defects in these strains at 23°C, which were lost at 37°C (42) . This is in contrast to cytoplasmic mRNA degradation, which is more defective at 37°C (70) , indicating that the nuclear and cytoplasmic defects show distinct temperature dependence, possibly related to the presence of strong nuclear localization signal elements in these fusion constructs.
We conclude that the Lsm2-8p proteins are all required specifically for the 5Ј33Ј degradation of unspliced nuclear pre-mRNAs.
The Lsm2-8p complex is associated with the U6 snRNA, and depletion of Lsm proteins, particularly Lsm6p, leads to a reduced abundance of U6 (49, 64) . Moreover, overexpression of U6 has been reported to suppress some of the RNA processing phenotypes associated with Lsm depletion (22) . To assess the involvement of U6 in nuclear RNA turnover, we analyzed the degradation of the TEF4/snR38 pre-mRNA in a strain in which U6 transcription can be repressed by inducible LacI binding (Fig. 5, lanes 5 to 8) (48) . Reduction in the level of U6 to an extent comparable to that of the lsm6⌬ strain did not lead to any accumulation of the 5Ј-unprocessed pre-mRNA ( Fig. 5A ). Overexpression of U6 from a multicopy plasmid (pU6/ pYX172) (49) caused some reduction in the accumulation of the A form of the TEF4/snR38 pre-mRNA in the lsm6⌬ strain (Fig. 5A , compare lanes 10 to 11 with lanes 12 to 13) but had no effect in a strain depleted of Lsm8p (Fig. 5A, compare lanes  15 and 17) .
We conclude that alterations in the abundance of U6 snRNA do not play a major role in the inhibition of nuclear mRNA degradation in the lsm mutants.
Pre-mRNAs are subject to 3Ј degradation by the exosome complex of 3Ј35Ј exonucleases, so the combination of reduced exosome activity with the absence of an Lsm protein might be predicted to lead to accumulation of the pre-mRNA primary transcripts. To test this prediction, the lsm6⌬ mutation was combined with a GAL-regulated allele of the exosome component Rrp41p (Fig. 6 ) and the putative RNA helicase Mtr4p, an essential cofactor for the nuclear exosome (data not shown). Accumulation of the TEF4, EFB1, and BEL1 primary transcripts was seen in both double mutant strains, while accumulation of snR38-A was reduced compared to that of the lsm6⌬ single mutant, consistent with the role of Lsm6p in 5Ј degradation (Fig. 6A and B and data not shown) . Exosome mutations also lead to accumulation of shorter 3Ј-extended forms of snR38, U18, and U24 snoRNAs (4, 77) . The 3Јextended snR38, U18, and U24 were much more abundant in the GAL::rrp41/lsm6⌬ strain than in the GAL::rrp41 single mutant strain (Fig. 6A and B and data not shown) . This stabilization may result from synergistic inhibition of 3Ј processing. The Lsm2-8p complex has been implicated in the 3Ј maturation of the U3 snoRNA (41) as well as other small stable RNAs (40, 42, 49, 56) .
From the above we conclude that strains lacking any of the proteins Lsm2p to Lsm8p are defective in pre-mRNA 5Ј degradation, whereas Lsm1p is not required for nuclear degradation.
Nucleus-restricted mRNAs stabilized in lsm mutants are 5 capped. The 5Ј degradation of nuclear mRNAs and pre-mRNAs presumably requires decapping, since the only known 5Ј exonucleases, Rat1p and Xrn1p, are unable to digest capped mRNAs (32, 67) . To determine whether depletion of Lsm2-8p inhibits nuclear mRNA decapping or stabilizes decapped RNAs, we determined the cap status of the stabilized RNAs by immunoprecipitation with anti-cap antibodies (monoclonal Ab H20, generously provided by R. Lührmann).
The cap status of nucleus-restricted SSA1 and SSA4 mRNAs (Fig. 7A) was assessed by precipitation with H20 during induction at 42°C (42°C lanes) and after incubation at 37°C for 90 min (37°C lanes). In the nup145N strains either lacking Lsm6p (Fig. 7A, lanes 6 to 11) or depleted of Lsm8p (Fig. 7A, lanes 12  to 17) , the efficiency of precipitation of SSA1 and SSA4 mRNA was similar at 42°C (lanes 8 and 14) or following transfer to 37°C for 90 min (lanes 11 and 17) , showing that the nucleusrestricted, stabilized mRNAs remain predominantly capped. PhosphorImager quantification of these data is presented in FIG. 5 . Alterations in U6 abundance are not responsible for the defects in nuclear pre-mRNA degradation. RNAs were extracted from strain BSY557 carrying the U6 gene under a promoter containing a LacI binding site and a LacI gene under the GAL1 promoter (BSY557ϩU6-lacIbsϩGAL-lacI; lanes 5 to 8), from its isogenic wildtype (WT) strain (BSY557, lanes 1 to 2) and from the lsm6-⌬ strain (lanes 2 to 3) grown in minimal medium with 2% lactate, 2% glycerol, and 0.05% glucose (0 h) and supplemented with 2% galactose. The lsm6⌬ strain (lanes 10 to 11), the GAL-lsm8 strain (lanes 14 to 15), BMA64ϩ(pU6 (lane 9), the lsm6⌬ϩpU6 strain (lanes 12 to 13) , and the GAL-lsm8ϩpU6 strain (lanes 16 to 17) expressing U6 from a high-copy-number 2m plasmid were grown as described for Fig. 3 . RNA was separated on 2% agarose gel (A to C) or on 6% polyacrylamide gel (D and E). The names of RNA species are on the left, and schematic representations of the 5Ј-unprocessed degradation intermediate (A) and mature mRNA (M) are shown on the right. Table 3 . In a strain lacking the 5Ј33Ј exonucleases Rat1p and Xrn1p, SSA4 and SSA1 were predominately capped shortly after synthesis at 42°C (Fig. 7A, lane 20) but were much more weakly precipitated after incubation at 37°C for 90 min (Fig.  7A, lane 23) . This is consistent with the accumulation of decapped cytoplasmic mRNAs in the absence of the 5Ј exonucleases. The stable PGK1 mRNA, which is largely cytoplasmic and fully capped during heat shock, was precipitated with an efficiency similar to that of SSA1 and SSA4, whereas the noncapped scR1 RNA was not precipitated.
We wanted to determine whether stabilized A forms of the snoRNA-containing pre-mRNAs carried m 7 G caps or the 2,2,7 TMG cap structures found on the mature snoRNAs. For this we compared monoclonal Ab H20, which recognizes both m 7 G and TMG cap structures, with Ab R1131, which is specific for TMG caps (R. Lührmann) (Fig. 7B ). In the wild-type strain, the m 7 G-capped RPS3 mRNA was precipitated by H20 but not by R1131, whereas the TMG-capped U2 snRNA was precipitated by both antibodies (Fig. 7B, lanes 1 to 5) . In the prp2-1, lsm6⌬, and Lsm8p-depleted strains, the A form of TEF4/snR38 was efficiently precipitated by H20. This shows that this RNA is capped but does not reveal the nature of the cap structure. In the lsm mutant strains the A form of TEF4/snR38 was also precipitated by the TMG-specific antibody, R1131, but with slightly lower efficiency than the U2 snRNA. PhosphorImager quantification of these data is presented in Table 4 . The stabilized 5Ј fragment of the snoRNA/mRNA therefore largely undergoes cap trimethylation in strains lacking Lsm6p or Lsm8p. This may render these fragments more resistant to nuclear decapping and contribute to their very high levels in strains lacking Lsm2-8p. We cannot exclude that the 5Ј fragments having trimethylated caps and containing snoRNA sequences are 5Ј extended but otherwise functional snoRNAs.
We conclude that nuclear mRNAs are not decapped in strains lacking Lsm6p or Lsm8p. It is very likely that the inhibition of nuclear decapping activity is responsible for the stabilization of nucleus-restricted mRNAs and the 5Ј fragments of nuclear pre-mRNAs in the strains lacking Lsm2p to Lsm8p.
Lsm8p is associated with nucleus-restricted mRNAs. Previous analyses reported that components of the Lsm1-7p complex, but not Lsm8p, coimmunoprecipitate cytoplasmic mRNAs (70, 71) . To determine whether the Lsm2-8p complex is directly associated with the nucleus-restricted mRNAs, we tested whether Lsm8p can be UV cross-linked to poly(A) ϩ RNA in the nup145N strain at the nonpermissive temperature, when it is predominantly nuclear (18) .
We compared UV-irradiated or nonirradiated wild-type cells expressing Lsm8p-TAP (Fig. 8, lanes 1 to 3) to nup145N cells expressing Lsm8p-TAP (Fig. 8, lanes 4 to 6) . After irradiation, RNPs cross-linked to poly(A) ϩ RNA were isolated from cell lysates by double passage over an oligo(dT) cellulose column followed by low-salt elution (see Materials and Methods). Proteins recovered from the total lysate and from the oligo(dT) eluate were analyzed by Western blotting. As previously reported (70, 71) , Lsm8p was not detectably recovered in association with poly(A) ϩ RNA in the absence of a block in mRNA export (Fig. 8, lane 3) . Lsm8p was, however, clearly cross-linked to poly(A) ϩ RNA in the nup145N strain (Fig. 8,  lane 6) , although the protein had apparently undergone some degradation during incubation.
FIG. 6. Inactivation of the nuclear 3Ј35Ј degradation pathway in lsm6⌬ strains. Northern blot analysis of the lsm6-⌬ strain deficient in exosome-mediated degradation. Strains were pregrown in galactose medium at 23°C (0 h) and transferred to glucose medium for the times indicated. RNA was separated on 2% agarose gels or on 6% polyacrylamide gel (AIV, BV) and hybridized with the oligonucleotide probes shown in parentheses. The names of RNA species and the positions of pre-mRNAs (P), degradation intermediates (A and B), and 3Ј-extended snoRNAs are indicated, and schematic representations are shown on the right. WT, wild type. VOL. 24, 2004 AN Lsm COMPLEX FUNCTIONS IN NUCLEAR RNA TURNOVER 9653
As a positive control, the Western blots were decorated with antibodies against Npl3p, a well-characterized poly(A) ϩ RNA binding protein that shuttles between the nucleus and the cytoplasm (23, 61, 65, 81) . Cross-linking of Npl3p was observed in the presence or absence of mRNA export, with efficiency similar to that of Lsm8p in the nup145N strain. Nop1p is a nucleolar protein that does not associate with poly(A) ϩ RNA (61) and was used as a negative control. The nup145N construct also carries a protein A tag on the residual Nup145Np N-terminal fragment (69) . Since this region does not include the RNA binding domain of Nup145p (18, 21, 69) , it is not expected to efficiently associate with poly(A) ϩ RNA, and only weak cross-linking was observed (Fig. 8, lanes 4 to 6) .
We conclude that Lsm8p-TAP can be cross-linked to nucleus-restricted poly(A) ϩ RNA but not to cytoplasmic mRNA, suggesting a direct role for the Lsm2-8p complex in nuclear mRNA metabolism. These observations also confirm that the Lsm complex is involved in a deadenylation-independent degradation pathway.
DISCUSSION
The Lsm1-7p complex plays an important role in cytoplasmic mRNA turnover, promoting mRNA decapping and subsequent 5Ј degradation and preventing inappropriate 3Ј degradation (29, 70) . Here we show that the related Lsm2-8p FIG. 7 . mRNAs stabilized in lsm mutants are 5Ј capped. (A) Immunoprecipitation of total RNAs with monoclonal anti-cap antibody (H20). RNAs were extracted from the wild type (WT, lanes 1 to 5), nup145N/lsm6-⌬ (lanes 6 to 11), and xrn1-⌬/rat1-1 (lanes 18 to 23) strains pregrown in glucose at 23°C, shifted to 42°C for 15 min (42°C lanes), and then transferred to 37°C for 90 min (37°C lanes) or from the nup145N/GAL::lsm8 strain pregrown at the permissive RSG medium and transferred to the repressive glucose medium for 18 h prior to the heat shock and shift to 37°C for 90 min. RNAs were immunoprecipitated with H20 or R1131 antibodies or mock treated (lanes marked ϪAb) as outlined in Materials and Methods, recovered from the lysate (T), supernatant (S), and immunoprecipitate (P), separated on 2% agarose gels, and analyzed by Northern hybridization using probes complementary to the RNA species indicated on the right. (B) Immunoprecipitation of total RNAs with TMa cap-specific antibody (R1131) or monoclonal antibody against both m 7 G and m 3 G cap structures (H20). RNAs were extracted from the wild-type strain BMA64 (WT, lanes 1 to 5) and the lsm6⌬ strain (lanes 9 to 15) grown on glucose at 23°C, from the prp2-1 strain (lanes 6 to 8) pregrown at 23°C and transferred to 37°C for 3 h, and from the GAL::lsm8 strain pregrown in permissive RSG medium and transferred to the repressive glucose medium for 18 h. complex functions in the nucleus to promote decapping and 5Ј degradation of nuclear mRNAs and pre-mRNAs. The stabilization of capped forms of two quite different classes of nuclear RNA, nucleus-restricted mRNAs in strains defective for mRNA export and the 5Ј fragments of unspliced pre-mRNAs that contain intronic snoRNAs, was observed. Other aspects of the nuclear degradation of these RNAs are quite different. Unspliced pre-mRNAs undergo very rapid degradation, predominately 3Ј35Ј, by the exosome complex (11) . In contrast, nucleus-restricted mRNAs are much more slowly degraded, with a substantial contribution from 5Ј33Ј degradation (16) .
In the cytoplasm, the translational status of the mRNA plays a key role in establishing decapping rates. However, despite reports of the localization of translation factors and translation activity in the nuclei of metazoan cells (13, 34 ; reviewed in reference 80), we think it unlikely that the decapping rates of yeast nuclear RNAs are determined by translation. Rather, we envisage that the RNP structure of the pre-mRNA is assessed and can trigger this activity. The hnRNP or other protein(s) involved remains to be identified.
The striking increase in 5Ј-unprocessed pre-mRNAs seen in the lsm6⌬ or lsm7⌬ strains growing at a permissive temperature was not accompanied by any clear defect in pre-mRNA splicing. However, a previous analysis concluded that a significant fraction of the unspliced nuclear pre-mRNA population is degraded even in wild-type yeast cells (11) . The 5Ј fragments of the snoRNA-containing pre-mRNAs stabilized in these lsm mutants are very likely to have been generated in this way. In contrast to strains defective only in exosome components, where increased pre-mRNA levels are observed (11) , inactivation of Lsm proteins does not clearly stabilize unspliced fulllength pre-mRNAs, indicating that these are rapidly degraded 3Ј35Ј by the exosome. Reducing or inhibiting exosome activity in cells lacking Lsm6p leads to only modest accumulation of primary transcripts. Moreover, pre-mRNAs that had been 5Ј degraded to the end of the snoRNA were also detected in the Lsm exosome double mutants. This indicates that depletion of Lsm2-8p delays but does not fully block 5Ј degradation. Similar observations have been made for the role of the Lsm1-7p in the 5Ј degradation of cytoplasmic mRNAs (70) .
In nup116⌬ strains nucleus-restricted mRNAs are reported to be stabilized by the absence of components of the nuclear cap-binding complex (CBC) (16) . This stabilization might result from replacement of CBC by eIF4E, which normally binds to cytoplasmic mRNA cap structures but can also be detected in the nucleus in yeast and mammalian cells (19, 45, 46) . Alternatively, the mammalian poly(A) binding protein PABP has been shown to bind to the cap structure of polyadenylated mRNAs (38) , although this activity has not yet been reported for the yeast protein. In either case, we speculate that these interactions may be less readily displaced by the Lsm2-8p complex or other components of the nuclear decapping machinery than is CBC.
Nuclear mRNA and pre-mRNA degradation involves a set of enzymes and cofactors that strikingly mirror the cytoplasmic mRNA degradation machinery. Nuclear 3Ј degradation involves the nuclear exosome complex together with the putative RNA helicase Mtr4p/Dob1p (11, 16, 30, 74) , while cytoplasmic 3Ј turnover involves the cytoplasmic exosome complex and a related helicase, Ski2p (5) . Nuclear 5Ј decapping is stimulated by Lsm2-8p, and subsequent 5Ј degradation probably involves the predominantly nuclear 5Ј33Ј exonuclease Rat1p (11, 16) , while the Lsm1-7p complex (10, 12, 70, 71) and the homologous Xrn1p exonuclease (32, 52, 53) play the same roles in the cytoplasm.
The clearest differences between nuclear and cytoplasmic on February 15, 2020 by guest http://mcb.asm.org/ degradation appear to be in the role of deadenylation. A key feature of mRNA turnover in the cytoplasm is continuous, incremental deadenylation that is normally rate limiting and gives rise to the characteristic, even distribution of heterogeneous mRNA lengths. However, this does not appear to be the case for nucleus-restricted mRNAs. In the nup145N strains hyperadenylation was seen for all mRNAs tested, as previously observed for other mutants defective in mRNA export (31, 36) . These hyperadenylated mRNAs were strongly stabilized by depletion of Lsm6p or Lsm8p. In addition, a population of nuclear mRNAs that were largely or fully deadenylated was stabilized, with relatively few RNAs of intermediate size. This suggests that prior to 3Ј degradation of the RNA body, nuclear mRNAs are subject to a distinct deadenylation activity. This appears to show processive activity, fully deadenylating the RNA once bound, in contrast to the distributive activity of cytoplasmic deadenylation.
FIG. 8. Lsm8p can be cross-linked to polyadenylated nuclear RNAs. A Western blot of proteins UV cross-linked to poly(A) ϩ RNAs is shown. The Lsm8-TAP strain was grown at 30°C to an OD 600 of 0.75, and the nup145N/Lsm8-TAP strain was pregrown at 23°C to an OD 600 of 0.6 and transferred to 37°C for 30 min to block mRNA export. UV cross-linking and purification of poly(A) ϩ RNPs on oligo(dT)-cellulose was performed as described in Materials and Methods. Western analysis was performed on total lysate (T) and on RNP complexes recovered from the nonirradiated (Ϫ) and irradiated (ϩ) cells resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis following RNase digestion of the bound material. Approximately 90-fold more material was loaded for the eluate fractions compared to the total fractions. Western blot analysis was decorated with anti-protein A Ab to detect ProtA-Nup145N (A), Lsm8-TAP (C), anti-Npl3 Ab (B), and anti-Nop1p Ab (D).
